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Abstract
ALAN WAYNE SHEAFFER.  Viscous Settling of Modified
Rectangular Priama (Under the direction of Dr. David Leith).
Numerous researchers have attempted to develop a
general expreasion to predict drag forcea on orthotropic
ahapea.  In a recent doctoral project, David Johnaon
developed an empirical equation to eatimate the ahape
resiatance factor, K, for rectangular prisma.  In this
study, Johnaon'a equation ia teated ualng orthotropic ahapea
different from those in the developmental data set.  Priama
with truncated corners, perforated priama, and priama with
length-to-width ratioa > 5 were aettled in viacoua oil to
obtain obaerved K  valuea for comparison with values
estimated by the equation.  For the priama with truncated
corners and perforated prisms, the estimated K values were
within St of observed valuea.  Experimenta ualng elongated
prisma showed that differences between observed and
estimated K valuea increaaed proportionally to a ahape
number, Ca2/(BC)]2, where A la the vertical dimenaion, and B
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INTRODUCTION
Many occupational diseases have been attributed to the
inhalation of aerosols.  As early as the 4th century, B.C.,
physicians associated the inhalation of lead dusts with lead
intoxication.  The subsequent growth of industry and
advances in medical science resulted in many industrially
produced aerosols and occupational diseases associated with
the inhalation of these substances.  As knowledge of the
subject increased, it was recognized that the aerodynamic
characteristics of particles and the structural and
physiological attributes of the human lung were important
factors in determining the health effects of inhaled
aerosols.  These factors affect the retention time and the
sites of particle deposition within the lung, and can thus
be used to estimate the types and degrees of injury that
result from aerosol inhalation.
Research concerning particle aerodynamics was
complemented by studies of lung structure and physiology,
resulting in the development of mathmatical models
describing the deposition of aerosols in the respiratory
system.  Originally, limitations in particle aerodynamic
theory confined the application of such models to spherical
or cylindrical particles, but recent studies have addressed
the aerodynamic characteristics of non-spherical,
non-cylindrical particles (Johnson, 1985).  Theories
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describing the aerodynamic characteristics of non-spherical,
non-cylindrical shapes can now be incorporated into lung
deposition models, and the health hazards of such particles
can be studied.
This research is a continuation of the work of David L.
Johnson, concerning the settling characteristics of
rectangular prisms.  Johnson developed an empirical
expression to predict the viscous settling characteristics
of rectangular prisms, baaed on the physical dimensions of
the prisma.  The present work tests the validity of that
equation for prisms whose shapes are different than those
originally tested.
BACKGROUND
Stokes's law describes the drag force acting on a
sphere under viscous conditions:
FD = 3Tf,uvD (1)
where  Fd is the drag force, ju is the fluid viscosity, D is
the sphere diameter, and v is the velocity of the sphere
relative to the fluid.
Reynolds number, NRe^ is defined as:
NRe = P V D <2)
where p is the fluid density.  Stokes's equation is exact
only when Reynolds number is zero, but produces an error
that Increases to only a few percent when NRe = 0.5.  When
NRe >   If tt^@ error in Stokea's equation becomes substantial.
As particle shape departs from sphericity, the
resulting increase in drag force can be described by
inclusion of the resistance shape factor, K, in Stokes'a
equation:
Fd = 3 TT u V Da
K <3)
where Ds is the diameter of a sphere having the same volume
as the non-spherical particle.  Oberbeck (1876) derived
equation 3 along with a theoretical equation to predict K
for ellipsoids of revolution.
Since Oberbeck's work with ellipslodal shapes,
researchers have attemped to define the drag force acting on
rectangular prisms.  Where ellipsoidal shapes have two
planes of symmetry, rectangular prisms generally possess
three, each plane perpendicular to the other two.  This
additional dimensional complexity is compounded by the
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difficulties of describing fluid flow around a priamic body.
Happel and Brenner <1964> found that the complexity of the
mathmatical expressions that describe fluid flow around
rectangular prisms made the equations unaolvable.
Other investigators have used equation 3, employing
empirical methods to develop expressions for K.  Rectangular
prisms with three unique orthogonal dimensions require three
values of K,   one for each of the principal settling
orientations.  Fuchs (1964) showed that the overall value of
K for an orthotropic particle settling with NRe < 0*1 is the
average of the K values for the three principal settling
orientations:
K = <Ki + K2 * K3) / 3 (4)
Pettyjohn and Christiansen (1948), McNown and Malaika
(1950), Heiss and Coull (1952), and Gurel et al. (1955)
conducted studies on the viscous settling of orthotropic
objects that included cubes, square plates, rectangular
prisms, disks, and cylinders.  All of these studies,
however, were simplified in that the shapes tested had only
two planes of symmetry (the rectangular prisms were square
in cross-section).  Therefore, these results cannot be
applied to rectangular prisms with three different
dimensions.
A general expression describing K for rectangular
prisma was developed by Johnson in 19S5.  By settling
macro-scale models in viscous oil, Johnson computed
experimental values of K for 25 rectangular prisma, each
having a unique length:width:thickness ratio.  Each prism
was observed in each of its three principal orientations,
yielding three K values for each prism.  Johnson then
compiled a list of dimenaionleas terms that might predict
the drag force acting on the prisms.  Some predictors
describe only prism geometry; others also account for prism
orientation.  Several predictors were original to Johnson's
work, while others had been used in previous studies.  The
STEPWISE modeling procedure in the SAS computer program then
evaluated various combinations of the predictors, eventually
producing an empirical equation for estimating resistance
shape factors for rectangular prisms:
K = 0.246 + 0.531<V) + 0.258<Ds/Dn) - 0.036<Dmax/Dn)
<5)
where V is the surface sphericity (TfDs/surface area of
prism), Dn is the diameter of a circle equivalent to the
projected area of the prism normal to its direction of
motion, and Dmax is the maximum dimension of the prism.
Equation 5 provides excellent estimates of the K values
observed in Johnson's experiments, producing a maximum error
of less than ID'S for all prisma tested.  Likewise, Johnson's
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equation provides good K estimates for the data recorded by
previous investigators using different particle shapes,
including rectangular prisms, spheres, cylinders,
ellipsoids, and double conicals.  The equation was also
validated in aerosol settling experiments using tungstic
acid microcrystals.
Although Johnson's equation provides excellent
estimates of K for existing data, several issues merit
further investigation.  First, the equation must be tested
using modified rectangular shapes.  Aerosols seldom contain
particles that are perfect rectangular prisma.  Secondly,
the shapes tested by Johnson and other investigators have
all possessed relatively small length-to-width ratios.  The
equation must be tested with objects that have
length-to-width ratios greater than 5 to 1.  Testing the




Mercer (1978) noted that the viscous settling
characteristics of microscopic particles can be simulated in
macroscopic systems if the Reynolds number, NRe» is the same
in both systems.  The modeling system used in this study was
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designed to produce NRe < 0.5; well inside the viscous
region and relevant to the NRe o^ typical aerosols.
Six of Johnson's prisms were chosen for modification.
Models 1,   3,   and 5 had a width-to-thickneas ratio of 10 and
length-to-width ratios of 2,   3,   and 5.  Models 2, 6, and &
had a width-to-thickness ratio of 4, with length-to-width
ratios of 5, 3, and 2.  These prisms were chosen to
facilitate study of model length for two different
width-to-thickness ratios.  Three sets of prisms were
machined from aluminum stock, each set having a different
type of modification.  Aluminum was used because of
nachineability and low density of approximately 2.7
gram/cm^.
The first set of prisms, set "a",   had the same axial
dimensions as the six originals, but had the corners removed
so that they resembled the tungstic acid microcrystals
Johnson used to validate his equation (Figure 1).  The
equation produced accurate estimates of K for the
microcrytals, despite the truncated corners, and the prisms
in set "a" were designed to provide additional information
concerning the drag contribution of corners during the
viscous settling of rectangular prisms.
The six prisms in set "b" also had the same exterior
dimensions as the six originals, but each had two holes
drilled completely through the prism (Figure 1).  The
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Figure 1.  Priam Wodela,
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to account for fluid flow through channels and past surface
discontinuities.
The eight prisms in set "c" tested the accuracy of
Johnson's equation for shapes with length-to-width ratios
greater than 5.  These prisms were identical in
cross-section, but twice the length of the originals (Figure
1) .
The exterior dimensions of the prisms were measured
using an NSK Dial Caliper micrometer and weighed on Mettler
electronic microbalance. Model HL52. The corner dimensions
of set "a" were measured optically using a Filar micrometer.
The diameters of the holes in set "b" were gaged with an
adjustable hole gage, which was then measured with the
micrometer noted above.  The dimensions and weights of all
prisms, along with calculated volumes and densities, are in
Table 1.
Reynolds numbers based on equivalent volume diameter
and maximum horizontal dimension are in Appendix I.  The
dimension D in the equation for Reynolds number has not been
defined for prisms, but the estimated Reynolds numbers in
Appendix I justify the assumption of viscous conditions.
The modeling fluid was UCON Lubricant 50-HB-5100,
manufactured by the Union Carbide Corporation.  This
non-volatile, non-toxic oil provided a stable viscosity in
the temperature-controlled settling tank.  The fluid was
clear with a alight yellowish tint, allowing good visibility
of the settling prisms.
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Figure 2.  Fluid modeling tank with retrieval basket,
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Table 1
Physical Characteristics of Prism Models
Model L W T xi Weight Volume Density
Number (cm) (cm) (cm) (cm) (gm) (cm3) (gm/cm3)
la 0.961 0.320 0.032 0.248 0.4352 0.154 2.657
3a 3.180 0.635 0.064 0.195 0.3240 0.124 2.605
5a 1.636 0.818 0.084 0.267 0.2537 0.100 2.526
2a 2.563 0.521 0.127 0.161 0.4186 0.163 2.568
6a 1.930 0.648 0.160 0.198 0.5052 0.188 2.693
da 1.275 0.632 0.160 0.197 0.3132 0.117 2.688
lb 2.443 0.843 0.081 0.409 0.3739 0.146 2.609
3b 3.172 0.635 0.064 0.318 0.3146 0.119 2.649
5b 1.633 0.810 0.084 0.409 0.2311 0.089 2.596
2b 2.548 0.511 0.132 0.256 0.4059 0.158 2.564
6b 1.918 0.645 0.160 0.328 0.4504 0.171 2.635
Sb 1.283 0.650 0.157 0.320 0.2780 0.106 2.631
Ic 4.890 0.820 0.081 0.8807 0.325 2.712
3c 6.353 0.620 0.069 0.7281 0.272 2.679
5c 3.254 0.813 0.084 0.5831 0.222 2.624
2c 5.077 0.513 0.127 0.8773 0.331 2.651
6c 3.843 0.648 0.160 1.0920 0.398 2.741
Sc 2.555 0.638 0.163 0.7194 0.266 2.708
4c 5.085 0.620 0.064 0.5786 0.202 2.868
9c 5.690 0.635 0.064 0.6333 0.231 2.739
1.  For set a, X is the length of the side of the
missing corner, shown in Figure 1.
For set b, X is the diameter of the holes.
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The tank is shown in Figure 2.  It consisted of a
cylindrical chamber that held the oil, surrounded by a large
water bath.  The tank was made of galvanized steel with
clear plastic windows in the front and back of the cylinder.
Both windows were scribed with horizontal lines 20 cm apart,
defining two horizontal planes normal to the axis of the
cylinder.  A clear plastic tube 13 cm in diameter could be
placed inside the cylinder, changing the effective diameter
of the settling tank.  Once dropped, the prisms were
retrieved with the basket shown in Figure 2.  The basket
rested on the bottom of the tank during observations,
catching the dropped prisms.
A release mechanism was used to position and release
the prisms in the oil (Figure 3).  This device consisted of
stainless steel forceps mounted in a plexiglas frame, with
the jaws of the forceps controlled by a sliding yoke.  The
release mechanism locked into a plexiglas platform that
rested atop the oil tank, insuring that the prisms were
released from the same location each time.
The oil level was maintained within 10 cm of the tank
top, providing an acceleration zone of at least 10 cm
between the oil surface and the horizontal plane that marked
the beginning of the timing zone.  The second plane, marking
the end of the timing zone, was 20 cm from the tank bottom,
and the timing zone was 20 cm in length.  The water bath was
filled with tap water to level of the oil and maintained at
30 1. 1.5°C by a Fiaher Model 27 constant temperature
13
Figure 3.  Release mechanism.
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heater/circulator.  Temperatures of the oil and water bath
were checked daily with a Fiaher No. 14-895E certified
thermometer.
Fifteen 0.317 cm diameter atainleaa ateel apherea were
used to measure oil viscosity.  All spheres were weighed and
measured, and the diameters were identical, ±_  0.0001 cm.
Weights were identical, +_  0.00001 gm.
Methoda
Twenty rectangular prisms were tested in this study.
For each prism, drag was measured in each of the three axial
orientations, yielding a total of 60 priam:orientation
combinations.  In Orientation 1, the smallest of the three
orthogonal dimenaiona waa aligned vertically; in orientation
2 the aecond amallest dimension waa aligned vertically; and
In orientation 3 the largest dimension waa vertical.
The priama were dropped in random order, with
orientation randomly aelected without replacement.  The
increase in drag resulting from nearby tank walla waa
evaluated by repeating the experiment in two tanks of
different diameter.  The cylindrical oil chamber with inside
diameter of 29.21 cm served as the larger tank; a clear
plastic pipe with inside diameter of 13.8 cm was placed
inside the chamber as the smaller tank.  The bottom end of
the clear plastic pipe rested on the center of the basket
screen ao that the axes of the pipe and the cylindrical oil
chamber coincided.  Two different tank sizes allowed
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extrapolation of results to the case of an unbounded fluid.
Five replicate measurements were conducted in the large
tank, followed by five replicates in the small tank,
producing a total of 600 observations-  Different randomized
schedules were used to determine the order of the
prism:orientation combinations for each replication.  A
detailed description of experimental procedures is in
Appendix II. ^
Oil viscosity was measured at the beginning and end of
each day using stainless steel spheres.  Fifteen spheres
were dropped at two minute intervals and the viscosity
calculated from the average settling velocity.  Faxen'a
equation (Heiss and Coull, 1952) was then used to correct
for wall effects:
Hgj - M measured <6)
<1 + 2.4 Da/D)
where \i.     is the true fluid viscosity (for an unbounded
fluid), Mmeasured i* the measured viscosity. Da the sphere
diameter, and D the tank diameter.  The work of Heiss and
Coull (1952) shows that Faxen'a equation is extremely
accurate for spherical shapes.
The oil density was measured by weighing a known volume
of oil at 30.0 ° C.
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RESULTS
Control Trlala with Unmodified Dupllcatea
Before the prlama In aeta "a" and "b" were modified to
be cornerleaa or perforated, theae prlama were Identical to
the original prlama uaed by Johnaon.  Pre-modlfIcatlon
trlala were conducted to Inaure that theae prlama exhibited
the aame aettllng characterlatlca aa the orlglnala.  In all
caaea, the aettllng velocltiea of the unmodified prlama were
within 6.^H  of the orlglnala, and In moat caaea within 2h.
Obaerved valuea of K were calculated to check Johnaon'a
reaulta.  The largest difference between the K values
observed by Johnaon and thoae In thla work waa 5.7%  for
prlam 3.
Model Stability During Settling
Moat prisma were stable during aettllng aa predicted by
Gans (1911).  Proper alignment before releaae and a "clean"
release were critical to settling stability, and the prlam
releaae mechanlam provided good control of both factora.  In
the few caaea where the prlam left the forceps with a alight
roll or pitch, the deviation uaually Increaaed during
aettllng.  Obaervatlona with detectable roll or pitch were
noted In the data and the reaultlng Koba waa then compared
to replicate reaulta.  Theae obaervatlona were dlacarded If
they fell outalde the range of replicate data.  Small
amounts of roll or pitch during aettllng caused no
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significant change in Kobs« unless sideslip brought the
prism close to the tank wall.
Corrections for Wall Effects
Average resistance shape factors were calculated for
each priam:orientation:tank combination using the equation:
K =   18 Mco 2 <7)
Ds^ g Ap t
where z is settling distance, t la settling time, g is
gravitational acceleration, and Ap is the density of the
priam relative to the fluid.  The K value for each
prism:orientation combination waa then plotted against the
equivalent volume diameter:tank diamter ratio (Da/D) and a
alope for each prism:orientation combination was computed
(Figure 4).  The alope could then be used to estimate K for
an unbounded fluid using the equation:
^unbounded = -alope<Da/D> + K <8)
To maintain consistency with Johnson's work, a aingle slope
waa used to compute Kunbounded for all observations.  The
average alope for the 60 priam:orientation combinations,
-2.1285, waa leas than 3x  different from the average slope
of 25 prisms from Johnson's study, -2.2368.  Johnson's slope





Figure 4.  Example showing the effect of tank size, D, on
observed values of K.
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data set.  All values of Kgst «nci Kobs presented In the
results represent the unbounded condition.  Slopes for the
prisms used in this study are in Appendix III.
Set "a". Prisma with Corners Removed
Results for set "a" prisms are in Table 2.  Johnson's
equation provided estimated K values within 9% of observed
values for the IS prism:orientations tested.  In 17 of the
Id prlsm:orientatlona, Johnson's equation underestimated the
shape resistance factor by a small amount, predicting more
drag than was observed.  The largest difference between Keat
and Kobs» -&.16^,   occurred with prism 3a in orientation 3.
Appendix IV contains Koba values for each observation, an
average Kobs ^or  each prism:orientation, and the 955*
confidence intervals for Koba ^<^^  each prism: orientation.
Set "b" Perforated Prisms
Set "b" results are in Table 3.  Keat values were
within 55J of Kobs ^o^  each of the IS prism:orientations
tested.  There were no trends toward under or overestimation
of K.  The largest difference between Kest BLnd   Kobs ^^^
-4.175t for prism Sb in orientation 2.
Set "c". Elongated Prisms
Differences between estimated and observed K values.
Table 4, were much larger for the elongated prisms.
Inspection of the data showed that for a given
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Table 2
Results for Cornerless Models, Set "a"








1 0.482 0.473 -1.83
2 0.604 0.586 -2.99
3 0.705 0.706 0.20
1 0.429 0.423 -1.49
2 0.517 0.484 -6.47
3 0.649 0.596 -8.16
1 0.565 0.521 -7.73
2 0.714 0.664 -6.98
3 0.797 0.753 -5.45
1 0.545 0.544 -0.26
2 0.630 0.608 -3.59
3 0.787 0.765 -2.80
1 0.625 0.612 -2.09
2 0.733 0.701 -4.39
3 0.862 0.833 -3.35
1 0.698 0.669 -4.21
2 0.820 0.771 -5.91
3 0.915 0.863 -5.74
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Table 3
Results for Perforated Models, Set "b"
Model Orientation Koba Keat ^ Difference
Number
lb 1 0.452 0.464 2.63
2 0.566 0.572 0.95
3 0.661 0.685 3.68
3b 1 0.406 0.418 3.17
2 0.491 0.476 -3.02
3 0.607 0.582 -4.02
Sb 1 0.502 0.506 0.66
2 0.627 0.635 1.26
3 0.691 0.720 4.22
2b 1 0.527 0.533 1.00
2 0.605 0.592 -2.22
3 0.759 0.746 -1.71
6b 1 0.578 0.581 0.38
2 0.676 0.662 -2.14
3 0.790 0.788 -0.22
8b 1 0.635 0.613 -3.36
2 0.739 0.708 -4.17
3 0.708 0.792 -3.82
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Table 4
Results for Elongated Prisms, Set "c"










1 0.378 0.402 6.35
2 0.460 0.445 -3.14
3 0.581 0.537 -7.65
1 0.335 0.359 7.26
2 0.397 0.341 -13.96
3 0.526 0.282 -46.36
1 0.439 0.446 1.76
2 0.543 0.535 -1.33
3 0.657 0.667 1.53
1 0.420 0.454 8.11
2 0.477 0.476 -0.36
3 0.639 0.569 -10.87
1 0.496 0.518 4.56
2 0.572 0.574 0.34
3 0.732 0.733 0.13
1 0.564 0.573 1.63
2 0.655 0.650 -0.68
3 0.795 0.808 1.58
1 0.334 0.375 12.35
2 0.403 0.381 -5.43
3 0.524 0.397 -24.18
1 0.338 0.364 7.41
2 0.399 0.357 -10.56
3 0.528 0.337 -36.16
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width-to-thickness ratio, error increased with length.  It
was also noted that for a given length, error increased with
width-to-thickness ratio.  The quantity CA2/(BC)3 2 was found
proportional to the percent difference between Kest ^^d
Kobs» where A is the vertical dimension of the prism, and B
and C are horizontal prism dimensions.  Figure 5 shows a
graph of percent difference between Kest and Kobs versus
this shape number, [a2/(BC>]2.  A least squares analysis
found a slope of 5.45 x 10~5 with a standard error of 2.90 x
10~^.  Figure 5 can be used to estimate the accuracy of
Johnson's equation for a prism of known dimensions.  When
the shape number is less than 270,000, the maximum error
(for one of three orientations) produced by Johnson's
equation is leas than 15x.
CONCLUSIONS AND SUMMARY
Conclusions
Johnson's equation provides accurate estimates of K for
two types of modified rectangular prisms: prisms with
truncated corners and perforated prisms.  The equation
predicted that these modifications would have little effect
on K, and the modeling results showed this to be correct.
However, the error produced by the equation increases as the
length-to-width ratio of the prism increases, exceeding isx
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Figure 5.  Plot of percent difference between Kest and Kobe
as a function of the shape number, CA2/<bC)3 2.
Plot includes data from this work and Johnson (1985).
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structural deformities in rectangular prisms do not have a
great effect on the viscous settling characteristics of
these bodies, provided that the deformities are symmetrical,
and that Johnson's equation is valid for such shapes if the
shape number is reasonably small.
Summary
The objective of this study was to test Johnson's
empirical equation:
K = 0.246 + 0.53KH') + 0.258<Ds/Dn> " 0.036<Dmax/Dn)
<S)
using orthogonal shapes different from the rectangular
prisms in the developmental data set.  Three types of shapes
were tested: rectangular prisms with truncated cornera,
perforated prisma, and rectangular prisma with
length-to-width ratios > 5.  Macro-scale models were settled
In viscous oil to obtain observed values of K for compariaon
with the K values predicted by Johnson's equation.  For the
prisms with truncated cornera and the perforated priama, the
equation estimated K values within lOst of the observed
values in all orientations.  For the prisms with length to
width ratios > 5, the maximum error produced by the equation
was proportional to a shape number, CA2/<BC)3 2. jYie  error
was <. 159( for shape numbers < 270,000.
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SUGGESTIONS FOR FUTURE RESEARCH
1. Examine the importance o£ the wldth-to-thickneaa ratio
for elongated prisma.  This study used only two
width-to-thickness ratioa; additional data is needed for a
complete analysis.
2. Test equation 5 with complicated orthotropic shapes,
such as a child's jack, flat crosses, or stars.
3. Combine data from this work with the data produced by
Johnson and other investigators and model the combined data.
Data sets exist for rectangular prisms, cylinders,
tetrahedrons, ellipsoids, disks, double conicala, perforated
prisms, and prisms with truncated corners.
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APPENDIX I
Reynolds Numbers for Each of
the Prisms, Calculated from
Observed Settling Velocities
Model Model Reynolds Reynolds




la 1 0.150 0.041
2 0.195 0.053
3 0.077 0.062
3a 1 0.145 0.028
2 0.179 0.035
3 0.046 0.045
5a 1 0.087 0.031
2 0.109 0.038
3 0.061 0.043
2a 1 0.177 0.047
2 0.20S 0.055
3 0.054 0.070
6a 1 0.183 0.068
2 0.219 0.080
3 0.087 0.096
Sa 1 0.101 0.048
2 0.120 0.057
3 0.066 0.064
lb 1 0.132 0.035
2 0.168 0.045
3 0.069 0.053
3b 1 0.139 0.027
2 0.171 0.033
3 0.043 0.041




Model Model Reynolds Reynolds




2b 1 0.166 0.044
2 0.194 0.051
3 0.050 0.065
6b 1 0.152 0.055
2 0.180 0.064
3 0.072 0.076
8b 1 0.083 0.038
2 0.098 0.045
3 0.055 0.049
Ic 1 0.367 0.064
2 0.466 0.081
3 0.102 0.106
3<= 1 0.371 0.047
2 0.440 0.056
3 0.060 0.078
5c 1 0.223 0.051
2 0.281 0.065
3 0.087 0.080
2c 1 0.422 0.071
2 0.488 0.083
3 0.069 0.115
6c 1 0.461 O.109
2 0.548 0.130
3 0.122 0.172
dc 1 0.271 0.085
2 0.322 0.100
3 0.099 0.123
4c 1 0.288 0.041
2 0.360 0.052
3 0.059 0.069






Before each observation, the prism release mechanism
was removed from the tank, and the appropriate prism and
orientation were selected according to the randomized
schedule.  The prism was then positioned In the forceps and
visually aligned In the desired orientation, after which the
jaws of the forceps were locked In the closed position.  The
prism was then carefully lowered Into the oil, and the
release mechanism locked onto the platform, positioning the
prism approximately two centimeters below the oil surface.
The prism was left In this position one minute before
release to allow the damping of any currents In the oil
caused by the movement of the prism and forceps.  This
entire procedure required approximately two minutes; ample
time to allow the damping of disturbances caused by the
settling of the previous prism (Johnson, 1985).
After the one minute waiting period, the sliding yoke
of the release mechanism was moved to open the forceps
slowly and release the prism.  An electronic stopwatch was
used to time the prism as It settled through the 20 cm
timing zone.  After all prisms had been released the catch
basket was used to retrieve the prisms.  The catch basket
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was then repositioned at the bottom of the tank and a 30
minute waiting period was observed to allow the damping of
disturbances caused by movement of the basket.
Oil and water bath temperatures were checked at the
start and finish of each day's observations. Because Johnson
observed a 0.5  C temperature difference between the center
and walls of the oil chamber, a test to detect fluid
movement was devised.  Red dye was added to a small quantity
of UCON lubricant and the mixture was loaded in a 50 ml
syringe with a long, L-ahaped capillary tube affixed to the
tip.  This device was positioned in the settling chamber so
that a small amount of the tinted oil could be released at
several points along the axis of the chamber, and any
migration of the tinted oil could be observed.  No
significant motion of the oil was detected.
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APPENDIX III
Slope Eatimatea for Priam Models





3a -2.157030 Slope -2.1825
Sa -2.663615
Standard















Ic -1.994143 for Modela
3c -1.904926
5c -2.124955 Avg Slope
Observed










Model Orientation Tank K(oba) K(oba) Lower Upper
NuBber Dlaneter single avg of Confidence Confidence













la 29.21 0.479056 0.481508 0.479 0.484
la 2 13.80 0.604582
la 2 13.80 0.603514
la 2 13.80 0.601161
la 2 13.80 0.605269
la 2 13.80 0.594023
la 2 29.21 0.605374
la 2 29.21 0.596700
la 2 29.21 0.605021
la 2 29.21 0.608161
la 2 29.21 0.617426 0.604123 0.600 0.609
la 3 13.80 0.707163
la 3 13.80 0.708620
la 3 13.80 0.698566
la 3 13.80 0.700739
la 3 13.80 0.712225
la 3 29.21 0.704706
la 3 29.21 0.705688
la 3 29.21 0.704217
la 3 29.21 0.706888
la 3 29.21 0.700572 0.704938 0.702 0.708
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Model Orientation Tank K<oba) K(obs> Lower Upper
Number Diameter single avg of Confidence Confidence













3a 29.21 0.433876 0.429368 0.425 0.433
3a 2 13.80 0.518766
3a 2 13.80 0.519512
3a 2 13.80 0.529699
3a 2 13.80 0.519514
3a 2 13.80 0.518306
3a 2 29.21 0.515262
3a 2 29.21 0.518229
3a 2 29.21 0.512125
3a 2 29.21 0.515699
3a 2 29.21 0.507591 0.517470 0.513 0.522
3a 3 13.80 0.647948
3a 3 13.80 0.647967
3a 3 13.80 0.645480
3a 3 13.80 0.640528
3a 3 13.80 0.643508
3a 3 29.21 0.646925
3a 3 29.21 0.655339
3a 3 29.21 0.644858
3a 3 29.21 0.652561










5a 29.21 0.575842 0.565069 0.557 0.573
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• Model Orientation Tank K(oba> K(obs> Lower Upper
Number Diameter single avg of Confidence Confidence




5a 2 13. ao 0.712790
5a 2 13.80 0.717333
5a 2 13.80 0.711276
Sa 2 13.80 0.707690
5a 2 13.80 0.705085
5a 2 29.21 0.713829
5a 2 29.21 0.716324
5a 2 29.21 0.719559
5a 2 29.21 0.720075
5a 2 29.21 0.714235 0.713820 0.710 0.717
5a 3 13.80 0.798246
5a 3 13.80 0.790867
5a 3 13.80 0.796064
5a 3 13.80 0.790255
5a 3 13.80 0.792553
5a 3 29.21 0.801805
5a 3 29.21 0.794157
5a 3 29.21 0.805459
5a 3 29.21 0.800472










2a 29.21 0.550231 0.545055 0.542 0.548
2a 2 13.80 0.631868
2a 2 13.80 0.632661
2a 2 13.80 0.631952
2a 2 13.80 0.626679
2a 2 13.80 0.625577
2a 2 29.21 0.629674
2a 2 29.21 0.626686
2a 2 29.21 0.628176
2a 2 29.21 0.635665
•
2a 2 29.21 0.634749 0.630369 0.628 0.633
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Model Orientation Tank K(obs) K(oba> Lower Upper
Nuaber Olaaeter single avg of Confidence Confidence




2a 3 13.80 0.788981
2a 3 13.80 0.784733
2a 3 13.80 0.790607
2a 3 13.80 0.788403
2a 3 13.80 0.784647
2a 3 29.21 0.786770
2a 3 29.21 0.794131
2a 3 29.21 0.787378
2a 3 29.21 0.783282










6a 29.21 0.626387 0.624954 0.623 0.627
6a 2 13.80 0.740507
6a 2 13.80 0.735660
6a 2 13.80 0.735479
6a 2 13.80 0.732570
6a 2 13.80 0.732064
6a 2 29.21 0.727636
6a 2 29.21 0.719850
6a 2 29.21 0.728243
6a 2 29.21 0.739352
6a 2 29.21 0.735191 0.732655 0.728 0.737
6a 3 13.80 0.873580
6a 3 13.80 0.850798
6a 3 13.80 0.856614
6a 3 13.80 0.862792
6a 3 13.80 0.860339
6a 3 29.21 0.864766
6a 3 29.21 0.866526
6a 3 29.21 0.859532
6a 3 29.21 0.862748
6a 3 29.21 0.858245 0.861594 0.857 0.866
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Model Orientation Tank K(oba) K(oba) Lower Upper
Nuaber Diameter single avg of Confidence Confidence













8a 29.21 0.701541 0.698416 0.695 0.702
8a 2 13.80 0.822780
8a 2 13.80 0.810750
8a 2 13.80 0.828413
8a 2 13.80 0.814925
8a 2 13.80 0.816034
8a 2 29.21 0.826110
8a 2 29.21 0.816786
8a 2 29.21 0.820837
8a 2 29.21 0.814753
8a 2 29.21 0.826351 0.819774 0.815 0.824
8a 3 13.80 0.914975
8a 3 13.80 0.922807
8a 3 13.80 0.919903
8a 3 13.80 0.913141
8a 3 13.80 0.907932
8a 3 29.21 0.915519
8a 3 29.21 0.919198
8a 3 29.21 0.918460
8a 3 29.21 0.918583










lb 29.21 0.455305 0.452079 0.449 0.456
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Model Orientation Tank K(oba) K(obs) Lower Upper
Number Diameter single avg of Confidence Confidence




lb 2 13.80 0.568144
lb 2 13.80 0.564114
lb 2 13.80 0.573482
lb 2 13.80 0.564994
lb 2 13.80 0.561268
lb 2 29.21 0.568181
lb 2 29.21 0.563056
lb 2 29.21 0.562493
lb 2 29.21 0.563997
lb 2 29.21 0.573892 0.566362 0.563 0.570
lb 3 13.80 0.656212
lb 3 13.80 0.659340
lb 3 13.80 0.660225
lb 3 13.80 0.661326
lb 3 13.80 0.657229
lb 3 29.21 0.655949
lb 3 29.21 0.666756
lb 3 29.21 0.660705
lb 3 29.21 0.667071










3b 29.21 0.406553 0.411569 0.401 0.422
3b 2 13.80 0.489596
3b 2 13.80 0.485798
3b 2 13.80 0.489131
3b 2 13.80 0.488942
3b 2 13.80 0.492329
3b 2 29.21 0.494306
3b 2 29.21 0.480884
3b 2 29.21 0.488427
3b 2 29.21 0.496479
3b 2 29.21 0.502743 0.490864 0.487 0.495
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Model Orientation Tank K(oba) K(oba) Lower Upper
Number Diameter single avg of Confidence Confidence




3b 3 13.80 0.612260
3b 3 13.80 0.603143
3b 3 13.80 0.607294
3b 3 13.80 0.606307
3b 3 13.80 0.591344
3b 3 29.21 0.609591
3b 3 29.21 0.607472
3b 3 29.21 0.610S04
3b 3 29.21 0.607595










5b 29.21 0.521065 0.502427 0.495 0.510
5b 2 13.80 0.628668
5b 2 13.80 0.627550
5b 2 13.80 0.630928
5b 2 13.80 0.625779
5b 2 13.80 0.620143
5b 2 29.21 0.629862
5b 2 29.21 0.625668
5b 2 29.21 0.629862
5b 2 29.21 0.63S739
Sb 2 29.21 0.618725 0.627292 0.624 0.631
5b 3 13.80 0.691201
5b 3 13.80 0.689258
5b 3 13.80 0.691935
5b 3 13.80 0.687435
5b 3 13.80 0.688457
5b 3 29.21 0.696930
5b 3 29.21 0.681568
5b 3 29.21 0.689158
5b 3 29.21 .0.692918
Sb 3 29.21 0.700764 0.690962 0.687 0.695
40
Model Orientation Tank K(oba> K(oba) Lower Upper
Nuaber Diaaeter single avg of Confidence Confidence













2b 29.21 0.533044 0.527466 0.525 0.530
2b 2 13.80 0.603934
2b 2 13.80 0.599044
2b 2 13.80 0.608527
2b 2 13.80 0.600488
2b 2 13.80 0.601779
2b 2 29.21 0.604146
2b 2 29.21 0.604482
2b 2 29.21 0.604146
2b 2 29.21 0.610599
2b 2 29.21 0.613663 0.605081 0.602 0.608
2b 3 13.80 0.763823
2b 3 13.80 0.745639
2b 3 13.80 0.758871
2b 3 13.80 0.763098
2b 3 13.80 0.767524
2b 3 29.21 0.754079
2b 3 29.21 0.764550
2b 3 29.21 0.752994
2b 3 29.21 0.759746










6b 29.21 0.570190 0.578493 0.575 0.582
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Model Orientation Tank K(obs) K(oba) Lower Upper
Number Diameter single avg of Confidence Confidence




6b 2 13.80 0.673223
6b 2 13.80 0.679924
6b 2 13.80 0.681943
6b 2 13.80 0.677038
6b 2 13.80 0.670629
6b 2 29.21 0.673942
6b 2 29.21 0.672077
6b 2 29.21 0.672542
6b 2 29.21 0.678379
6b 2 29.21 0.681215 0.676091 0.673 0.679
6b 3 13.80 0.791841
6b 3 13.80 0.792655
6b 3 13.80 0.795258
6b 3 13.80 0.793736
6b 3 13.80 0.791498
6b 3 29.21 0.791289
6b 3 29.21 0.781502
6b 3 29.21 0.787998
6b 3 29.21 0.786078










8b 29.21 0.632410 0.650397 0.615 0.686
8b 2 13.80 0.739047
8b 2 13.80 0.739073
8b 2 13.80 0.728588
db 2 13.80 0.730643
8b 2 13.80 0.729259
8b 2 29.21 0.748236
6b 2 29.21 0.736294
8b 2 29.21 0.743068
&b 2 29.21 0.743492
8b 2 29.21 0.748608 0.738631 0.733 0.744
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Model Orientation Tank K(oba) K(oba) Lower Upper
Number Diameter single avg of Confidence Confidence




8b 3 13.80 0.820602
8b 3 13.80 0.815431
8b 3 13.80 0.819947
8b 3 13.80 0.819437
8b 3 13.80 0.825333
8b 3 29.21 0.827401
8b 3 29.21 0.825259
8b 3 29.21 0.826328
8b 3 29.21 0.831535










Ic 29.21 0.377588 0.378054 0.375 0.381
ic 2 13.80 0.464021
Ic 2 13.80 0.459698
Lc 2 13.80 0.462694
Ic 2 13.80 0.461058
lc 2 13.80 0.461815
lc 2 29.21 0.457574
lc 2 29.21 0.459381
lc 2 29.21 0.458174
lc 2 29.21 0.457693
lc 2 29.21 0.456782 0.459889 0.458 0.462
lc 3 13.80 0.586467
lc 3 13.80 0.583397
lc 3 13.80 0.585595
lc 3 13.80 0.583676
lc 3 13.80 0.592783
lc 3 29.21 0.576345
lc 3 29.21 0.573310
lc 3 29.21 0.577877
lc 3 29.21 0.578304
lc 3 29.21 0.573760 0.581151 0.577 0.586
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Model Orientation Tank K(oba) K(obs) Lower Upper
Nunber Diaaeter single avg of Confidence Confidence













3c 29.21 0.341283 0.335077 0.331 0.340
3c 2 13.80 0.400022
3c 2 13.80 0.410871
3c 2 13.80 0.404087
3c 2 13.80 0.401886
3c 2 13.80 0.404377
3c 2 29.21 0.389323
3c 2 29.21 0.390788
3c 2 29.21 0.382889
3c 2 29.21 0.390473
3c 2 29.21 0.393126 0.396784 0.391 0.403
3c 3 13.80 0.532443
3c 3 13.80 0.527472
3c 3 13.80 0.529892
3c 3 13.80 0.527077
3c 3 13.80 0.530046
3c 3 29.21 0.524139
3c 3 29.21 0.518756
3c 3 29.21 0.523776
3c 3 29.21 0.521736










Sc 29.21 »»»«»»»» 0.438692 0.435 0.442
•••••••• datum discarded due to excessive roll or pitch
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Model Orientation Tank K(obs) KCoba) Lower Upper
NuMber Diameter single avg of Confidence Confidence




5c 2 13.80 0.546367
5c 2 13.80 0.545386
5c 2 13.80 0.546591
5c 2 13.80 0.542823
5c 2 13.80 0.542953
5c 2 29.21 0.541624
5c 2 29.21 0.536309
Sc 2 29.21 0.543310
5c 2 29.21 0.545219
5c 2 29.21 0.536004 0.542659 0.540 0.545
5c 3 13.80 0.656518
5c 3 13.80 0.658488
5c 3 13.80 0.656188
5c 3 13.80 0.654857
5c 3 13.80 0.657983
Sc 3 29.21 0.657336
5c 3 29.21 0.654768
5c 3 29.21 0.654768
5c 3 29.21 0.657404










2c 29.21 0.413419 0.419535 0.416 0.423
2c 2 13.80 0.479848
2c 2 13.80 0.480277
2c 2 13.80 0.480476
2c 2 13.80 0.479980
2c 2 13.80 0.484637
2e 2 29.21 0.473398
2c 2 29.21 0.471198
2c 2 29.21 0.472452
2c 2 29.21 0.474146
2c 2 29.21 0.475693 0.477211 0.474 0.480
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Model Orientation Tank K(oba) K(oba) Lower Upper
Number Diameter single avg of Confidence Confidence




2c 3 13.80 0.642344
2c 3 13.80 0.644673
2c 3 13.80 0.643662
2c 3 13.80 0.645378
2c 3 13.80 0.643715
2c 3 29.21 0.632431
2c 3 29.21 0.631212
2c 3 29.21 0.636119
2c 3 29.21 0.634083










6c 29.21 0.487439 0.495659 0.492 0.499
6c 2 13.80 0.580908
6c 2 13.80 0.571001
6c 2 13.80 0.579225
6c 2 13.80 0.571592
6c 2 13.80 0.572226
6c 2 29.21 0.575688
6c 2 29.21 0.568807
6c 2 29.21 0.567116
6c 2 29.21 0.571428
6c 2 29.21 0.562295 0.572029 0.568 0.576
6c 3 13.80 0.739375
6c 3 13.80 0.724873
6c 3 13.80 0.737555
6c 3 13.80 0.733869
6c 3 13.80 0.735045
6c 3 ,  29.21 0.737627
6c 3 29.21 0.724710
6c 3 29.21 0.724710
6c 3 29.21 0.729838
6c 3 29.21 0.731825 0.731943 0.728 0.736
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Model Orientation Tank K(oba) K(oba) Lower Upper
Number Dlaaeter alngle avg of Confidence Confidence




8c 13. 80 0.568077
8c 13. 80 0.567601
8c 13. 80 0.565754
8c 13. 80 0.567010
8c 13. 80 0.565249
8c 29. 21 0.563223
8c 29 21 0.558971
8c 29 21 0.555205
8c 29 .21 0.561154
8c 29. 21 0.563086 0.563533 0.561 0.566
8c 2 13 80 0.655677
8c 2 13. 80 0.659586
8c 2 13 80 0.659000
8c 2 13 80 0.651007
8c 2 13 80 0.652517
8c 2 29. 21 0.657437
8c 2 29. 21 0.655628
8c 2 29. 21 0.649677
8c 2 29 21 0.650756
8c 2 29 ͣ 21 0.657306 0.654859 0.652 0.657
8c 3 13 .80 0.790632
8c 3 13 80 0.794395
8c 3 13 SO 0.808341
8c 3 13. 80 0.799730
8c 3 13..80 0.794517
8c 3 29 21 0.780795
8c 3 29. 21 0.793343
8c 3 29. 21 0.792432
8c 3 29 21 0.797437
8c 3 29. 21 0.798732 0.795035 0.790 0.800
4c 13 .80 •«••••••
4c 13..80
4c 13 ,80 0.336428
4c 13..80 •«••••••
4c 13 80
4e 29 21 «•«••••«
4c 29. 21
4c 29. 21 0.335627
4c 29. 21 0.333023
4c 29. 21 0.329625 0.333676 0.330 0.337
• »«*«*•* datum discarded due to excesalve roll or pitch
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Model Orientation Tank K(oba) K(obs) Lower Upper
Number Diameter single avg of Confidence Confidence






















































































































datum discarded due to excessive roll or pitch
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Model Orientation Tank K(oba) K(oba) Lower Upper
Number Diameter single avg of Confidence Confidence




9c 3 13.80 0.532804
9c 3 13.80 0.532270
9c 3 13.80 0.536310
9c 3 13.80 0.537127
9c 3 13.80 0.531738
9c 3 29.21 0.520945
9c 3 29.21 0.524422
9c 3 29.21 0.518883
9c 3 29.21 0.520945
9c 3 29.21 0.522330 0.527777 0.523 0.533
^9
APPENDIX V
Analysis of Percent Difference
Between Average Values of
Kest &nd   Kobs ^<^^   Each Prism
Overall drag forces on orthotropic aerosol particles can
be determined using the average of the K values for the three
principal settling orientations:
K = <Ki + K2 -^ K3) / 3 (4)
Figure 6 shows the percent difference between Kest ^nd Kobs
plotted against the average shape number raised to the 2.2
power, Ca2/<BC)3 2.2.  The 2.2 power provided the best fit as
determined by a least squares linear regression, for which r2
= 0.911.  The slope of the line is -3.79 x 10~5^ with a
standard error of 3.34 x 10-7.  When Ca2/<bC)]2.2 < 270,000,
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Figure 6.  Plot of percent difference between the average
values of Keat and Koba ^or each priam as a function of
the average shape number for each prism, CA^/<BC)]2.2.
